Introduction
Amino acids are the fundamental building blocks of peptides and proteins and are used innumerous applications * Corresponding author.
including pharmaceuticals, medical food, and fine chemicals. Collectively, L-leucine (L-Leu), L-isoleucine (L-Ile), and L-valine (L-Val) are known as Branched-Chain Amino Acids (BCAAs). BCAAs are essential amino acids and necessary for proper muscle function. Recently, BCAAs have been reported to prevent locomotive syndrome in the elderly [1] [2] . In most cases, BCAAs are commercially produced through fermentation. Small quantities of other amino acids, including other BCAAs, are also produced as impurities during the BCAA fermentation process. The target BCAAs must be separated from impurity-containing mixtures to be shipped as a product. In BCAA crystallization, other BCAAs are known to be difficult to separate because of their common components and tendency to form solid solutions [3] . In this case, "solid solution" refers to a crystal structure produced by random inclusion of impurities into the lattice of the host amino acid (i.e., the target amino acid) crystal. The formation of a solid solution during BCAA crystallization has been reported to be a consequence of the host and the guest amino acids (impurity amino acids) having similar branched hydrophobic side chains and crystal structures [4] - [8] . Co-crystals with a 1:1 ratio of D-form and L-form BCAAs have been reported [9] - [11] ; however, quantitative evaluations of their mutual incorporation behavior are rare.
In this report, we focus on the crystal conformation and incorporation behavior of D-leucine (D-Leu) in crystalline L-Val (D-Leu/L-Val). For comparison, the incorporation behavior of L-Leu in L-Val crystals was also studied.
Experimental

Materials
The D-Leu used in this study was a special grade (purity > 98.0%) and purchased from WAKO Pure Chemicals. L-Leu and L-Val used in this study were pharmaceutical grade and purchased from AJINOMOTO Co., Inc.
Methods
The experimental flow is shown in Figure 1 . The crystal structure was analyzed using powder X-ray diffraction (PXRD: Bruker D2 PHASER, CuKα, 30 kV) and the crystal shape was analyzed by scanning electron microscopy (SEM; JEOL JSM-6510).
Results and Discussion
Solid-Liquid Equilibria of L-Leu/L-Val and D-Leu/L-Val
The initial experimental system is represented as the molar ratio between the guest amino acid and the host amino acid. In summary, L-Leu was incorporated in a certain ratio of x L-Leu in the mother liquor. D-Leu was not incorporated when its concentration in the mother liquor was less than the solubility limit; however, D-Leu was crystallized when its concentration in the mother liquor was greater than the solubility limit. In this report, we mainly discuss cases where x L-Leu < 0.12 and x D-Leu < 0.12 in the mother liquor.
Crystal Conformation
The structure of crystals obtained by crystallization was analyzed by PXRD (Figure 3 
Crystal Morphology
The 
Estimation of Interaction Energy
L-Leu was incorporated into L-Val crystals, whereas D-Leu was not. We speculate that this difference in incorporation behavior was due to the magnitude of the interaction energy between a molecule of the guest amino acid (L-Leu or D-Leu) and an L-Val crystal. The interaction energy is correlated with the stability of the crystal structure: when the interaction energy is lower, the crystal structure is more stable. We calculated the interaction energy on the basis of this assumption. The interaction energy is difficult to determine experimentally; we therefore calculated it using a molecular dynamics package (Materials Studio, from Dassault Systemes Biovia K.K.). The L-Val 4 × 4 × 2 crystal structure was drawn and optimized geometrically using the cvff function, which is a generalized valence potential function used to model small organic crystals and gas-phase structures such as amides, carboxylic acids, proteins, and a wide range of organic compounds [12] [13]. A guest amino acid was used to replace one of the existing L-Val (100) surfaces (structure A). The crystal lattice in which the guest compound was removed from structure A was constructed (structure B). The crystal lattice in which all L-Val except the guest compound was removed from structure A was also constructed (structure C). Structures A-C are shown in Figure 5 . The interaction energy (E I ) was estimated from Equation (2): 
where E A , E B , and E C were calculated as the total energy of structure A, structure B, and structure C, respectively. The estimated interaction energy is shown in Table 1 . In the case where L-Val was used as a guest amino acid, E I represents the interaction energy between a molecule of L-Val and an L-Val crystal. A comparison of the interaction energies reveals that the energy of D-Leu was remarkably higher than those of L-Leu and L-Val. The interaction energy is correlated with the likelihood of incorporation. In the case of a high interaction energy, the crystal lattice became unstable and difficult to construct; therefore, D-Leu was difficult to be incorporated. 
Conclusion
